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Abstract 

We explore the collider signatures of the Higgs sectors in singlet-extended MSSM models. We 
find that even with reduced couplings due to singlet mixing, a significant portion of the parameter 
spaces have a discoverable Higgs via traditional decay modes or via invisible decays (directly to 
neutralinos or through cascade decays to neutralinos and neutrinos). For illustrative points in 
parameter space we give the likelihood of Higgs discovery. In cases where neither traditional nor 
invisible modes can discover the Higgs, the neutralino sector may provide evidence for the extended 
models. 
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I. INTRODUCTION 



The Minimal Supersymmetric Standard Model (MSSM) is a leading candidate for beyond 
the standard model (SM) physics. The motivation for the MSSM is extensive and includes 
solutions to the gauge hierarchy problem, the quadratic divergence in the Higgs boson mass, 
gauge coupling unification, and a viable dark matter candidate. In the MSSM lagrangian 
the Higgsino mixing parameter, fi, is the only massive parameter that is SUSY conserving. 
Its value sets the scale of the electroweak symmetry breaking in the MSSM and is thus 
required to be at the electroweak (EW) or TeV scale, though a priori it could be at any 
value [l]. 

Supersymmetric models with an additional singlet Higgs field address the fine-tuning 
problem of the MSSM by promoting the fi parameter to a dynamical field whose vacuum 
expectation value (S) and coupling A determine the effective /i-parameter, 

/ieff = A(^). (1) 

Depending on the symmetry imposed on the theory, a variety of singlet extended models 



(xMSSM) may be realized. The models we focus on include the Next-to-Minimai super- 
symmetric SM (NMSSM) the Nearly-Minimal Supersymmetric SM (nMSSM) sl, flfl], 



Super- 



and the f/(l)'-extended MSSM (UMSSM) [6|, as detailed in Table U with the respective 
symmetries ^. A Secluded '-extended MSSM (sMSSM) , |9|] contains three singlets in 
addition to the standard UMSSM Higgs singlet; this model is equivalent to the nMSSM in 
the limit that the additional singlet vevs are large, and the trilinear singlet coupling, A^, is 
small [l^. The nMSSM and sMSSM will therefore be referred to together as the n/sMSSM. 

The additional CP-even and CP-odd Higgs bosons, associated with the inclusion of the 
singlet field, yield interesting experimental consequences at colliders. For recent reviews of 
these models including their typical Higgs mass spectra and dominant decay modes, see 



Refs. 
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To illustrate the Higgs sector of the extended models in the cases in which the lightest 
Higgs is either decoupled or strongly mixed with the MSSM Higgs boson, we present in Fig. 
[T]the neutral Higgs mass spectra for particular points in parameter space. With sufficient 
mixing, the lightest Higgs boson can evade the current LEP bound on the SM Higgs mass in 



^ There have also been studies of singlet extensions in a non-supersymmetric context 



TABLE I: Higgs bosons of the MSSM and several of its extensions. We denote the single CP-odd 
state in the MSSM and UMSSM by A2 for easier comparison with the other models. Possible CP 
violation, which could induce mixing between CP-even and odd states, is ignored. 



Model: 


MSSM NMSSM nMSSM UMSSM sMSSM 


Symmetry: 


Z3 [/(!)' [/(!)' 


Extra 
superpotential term 


— ^S^ tpS — XsSiS2Ss 

- (cubic) (tadpole) (trilinear) 


CP even, odd 
Higgs bosons 


Hi,A2Hi,Ai Hi,Ai HuA2 Hi,Ai 
H2 H2 , A2 H2 , A2 H2 H2 , A2 
Hs H'i H3 , A3 

Ha, Ai 
H5 
He 



these models 



12| . Also, singlet interactions may increase the Higgs mass beyond the 



MSSM theoretical limit 



3 
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13(1 . Later we discuss the prospects that these Higgs states 
can be observed at the LHC by direct and indirect searches. 

In Section [IT] we consider Higgs signals unique to these models at the Large Hadron Col- 
lider (LHC), including the expected signal significances at the ATLAS and CMS detectors. 
In Section IIVI we discuss the observability of an invisibly decaying Higgs that is not un- 
common in these models. In Section |Vl Higgs coupling measurements are explored as a 
means to further distinguish the extended singlet models. Finally, in Section IVH we provide 
concluding remarks. 



II. SIGNALS AT HADRON COLLIDERS 



The production of the Higgs bosons at hadron colliders depends on the masses and 
couplings to SM particles. The couplings of the Higgs bosons to gauge bosons in the singlet 
models, 

^vvm = R+ cos p + Rl sin /3, (2) 
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FIG. 1: Illustrative Higgs composition {Ha, Hu, S) for the models in (a) a decoupled singlet scenario 
and (b) a strongly mixed singlet scenario. In the decoupled scenario, the extended model has a 
spectrum similar to that of the MSSM, but contains an additional singlet Higgs that is heavy in 
the NMSSM and UMSSM and light in the n/sMSSM. Parameters used for this illustration are 
tan/3 = 10, s = 800 GeV, = 130 GeV, Ms = 250 GeV, = 1 TeV and = 0.67 for 
the UMSSM. The n/sMSSM parameter values are tan/3 = 5, s = 400 GeV, /Xeff = 210 GeV and 
Ma = -140 GeV. For (a) k = 0.7 and = -1 TeV in the NMSSM and tp = -0.025 TeV^ and 
ts = -0.00125 TeV^ in the n/sMSSM; for (b) k = -0.11 and = 100 GeV in the NMSSM and 
tp = -0.0625 TeV^ and ts = -0.0125 TeV^ in the n/sMSSM and s = 550 GeV in the UMSSM. 
Ax,Ak and ts are respectively the soft parameters associated with X,k and tp. 



are shared by the three CP-even Higgs bosons. Here ^xyHi = QxyHil QxyhsM is the trilinear 
coupling of fields x, y to the Higgs mass eigenstate in the singlet extended models relative 



to the corresponding SM coupling. The matrix, rotates the E 

S} interaction basis to the mass basis (see Eq. (26) of Ref 



igg s fields from the 



10|). This creates a 



complementarity among the Higgs coupling to gauge bosons similar to that found in the 
MSSM Q- The Yukawa couplings 



■sddHi 



cos/3' 



■12 



K 

sin/3' 



(3) 
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satisfy the sum rules 

„ 1 + cot^ 8 up-type quarks 

T.^fm = { ; ' (4) 

i { ^ ~^ down-type quarks 

which thereby bound the sum of Yukawa couphng squares to a given Higgs state. Although 
the Yukawa couplings are bounded by the sum rules, they may individually be significantly 
larger than the corresponding SM couplings; this can be important in Higgs production and 
decay. 

We generate the Higgs spectra (and associated neutralino spectra) of the models and 

□ n 

apply experimental constraints following Refs. [10|, ll5|] ^. By appropriate changes in the 
Higgs boson couplings to the relevant particles as in Eqs. fl2][3l) . we calculate the production 



cross sections via the SM codes of Ref. [16|]; these codes include the fusion subprocesses 



gg — > Hi, VV — Hi at NLO, the associated production modes VHi at NLO, and tiHi at LO. 
The production cross sections are shown ^ in Fig. O Precision electroweak measurements 
prefer a heavy SUSY sector [l7^, so we assume that the scalar quarks in the gluon fusion 
loops are heavy (all soft masses are at 1 TeV) and thus approximately decoupled; the effects 
of stop mixing changes the Higgs production rate by up to 10% in our scan with respect to 
the SM depending on the mixing parameter Xt = At — fics cot p. 

For the lightest Higgs boson in the MSSM a majority of the generated cross section 
points are close to the SM curve. The cross sections at low Higgs masses (< 100 GeV) 
are kinematically enhanced but suppressed by the coupling and are typically 2 orders of 
magnitude smaller than the corresponding SM cross section. The production rates with 
Higgs masses in the range 150 GeV < M/^. < 300 GeV are also typically a few orders of 
magnitude lower than the SM result. This is typically due to the large singlet component 
of that Higgs eigenstate, but can also arise from the MSSM-like Higgs that weakly couples 
to SM fields. 

Over most of the range of Higgs masses, gluon fusion is the dominant production sub- 
process. The cross section can be larger than in the SM, as shown in Fig. [2^, due to 
larger Yukawa couplings. Production modes via vector boson fusion are subdominant but 



^ The scan of the n/sMSSM is shghtly different from Ref. in that a uniformly random scan over 

the parameters ts and is performed here whereas the scan of Ref. concentrates the scan near 
lisjifl ~ to accentuate the Ught Higgs scenarios. 

^ The density of overdense regions of points generated has been reduced in the plots for clarity. 




Higgs Mass (GeV) 



(e) 

FIG. 2: Production cross section of the lightest Higgs in the MSSM and extended MSSM models at 
the LHC via (a) gluon fusion, (b) Weak Boson Fusion (WBF), (c) Higgstrahlung of a boson, (d) 
Higgstrahlung from a Z boson and (e) associated production with top pairs. Most of the MSSM 
H\ points lie close to the SM curves because they are in the MSSM decoupling limit. 
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yield cleaner experimental signals. The dominant decays of Higgs bosons of intermediate 
mass 120 — 150 GeV, are Hi hh and the silver channel Hi —>■ WW —>■ lulu. However, 
these branching fractions may be small compared to the SM due to a large decay rate to 
neutralinos or to light CP-odd pairs ^ [iO|. Additional signals unique to singlet models in- 



clude associated chargino pair production in association with a 
decaying to a lepton and photon pair with large missing energy 



ight CP-odd Higgs boson, 



18|. 



III. SIGNIFICANCE OF HIGGS SIGNALS 



A SM Higgs boson can be discovered at the LHC through a variety of channels 19|, 



201 ] ■ However, in singlet extended supersymmetric models, the expectation may not be so 
optimistic inasmuch as singlet mixing or decays to additional light neutralinos may spoil 
direct observation. 

The ATLAS and CMS collaborations have evaluated the expected significances for 5 



Sigma 
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discovery of the SM Higgs boson, with 100 fb"^ at ATLAS and 30 fb"^ at CMS 



20|. We convert their SM results to determine the prospects of discovery of the Higgs 
bosons of the singlet extended models. The total significance for each model, shown in Figs. 
|3]and|ll is obtained by summing the significances of the contributing modes in quadrature. 
The significances of the individual modes are found by scaling the SM significances with the 
production couplings relative to the SM and the branching fractions relative to the SM (i.e. 
for VV —* Hi ^ ZZ, the scaling is ^yvHi Bi{h^l^-^zz) ) • "^^^ significance evaluations are 
not available for < 110 GeV where the larger backgrounds make SM Higgs detection at 
the LHC problematic ^. 

The modes contributing to the total significance for both ATLAS and CMS include 
gg H with H ^ 'yy, H ZZ 41, H ^ WW lulu. Additional modes in the 
analysis of ATLAS are H ZZ lluu, tiH with H ^ hh and the Higgstrahlung process 
HW — > WWW —>■ lululu; the modes specific to the CMS analysis are the Weak Boson 
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Decays to light CP-odd pairs that subsequently decay to bb can lead to additional b pairs. However, if the 



CP-odd Higgs is very light {Ma < 10 GeV), the Higgs may not be directly observable [12 1. 
^ Many points with Higgs masses below the SM Higgs 114 GeV LEP limit are often suppressed below a 
significance of 0.1 due to the dominant singlet fraction. In the cases where the lightest Higgs is decoupled 
and light (typically in the n/sMSSM), the second Higgs state, H2, has a mass in the range of the lightest 
Higgs in the MSSM and a large significance. 
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FIG. 3: Signal significance S/VB at CMS Q with 30 fb"^ of data in the (a) MSSM (b) NMSSM 
(c) n/sMSSM (d) UMSSM. The significance of the hghtest Higgs is dominated hy gg ^ H with 
H ^ j'j and H ZZ 41. The H ZZ — > 41 mode provides the best signal for heavier Higgs 
masses, even though these Higgs states are typically singlet or MSSM-like and weakly couple to 
the Z bosons. No K-factors have been applied as in the ATLAS and CMS analyses. 



Fusion (WBF) processes WW H with H WW lujj, H —> tt ^ 1 + j and H 77. 

The most promising discovery channel over most of the Higgs mass range is the golden 
channel Hi —>■ ZZ* 41 since it has very low backgrounds. This channel is expected to 
permit SM Higgs discovery for Higgs masses 120 — 600 GeV. The golden channel can also 
be used to determine the spin and CP properties of the decaying Higgs boson by using the 
correlations of the angle between the planes of lepton pairs 2l| . 
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MSSM at ATLAS, 100 fb" 



NMSSM at ATLAS, 100 fb 
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FIG. 4: Same as in Fig. [3l except for ATLAS 



20] with 100 fb"^ of data. 



For light Higgs bosons {niH ^ 120 GeV) the decay if — 77 has the best significance. 
Combining this mode with H ZZ 4/ often yields a total significance above 5cr for the 
lightest Higgs boson in the MSSM, NMSSM, and UMSSM. In these models slightly over half 
of the generated points in parameter space are above 5a for the Hi. The second lightest 
Higgs in these models is less likely to be discovered at the LHC, but evidence may be found at 
3a for the considered integrated luminosities. The significance of the H2 in extended models 
(typically a singlet or MSSM-like and weakly coupled to Z bosons) is typically below the 
5a level. This is evident in Figs. [3] and HI 

In some cases the signal of the lightest Higgs does not reach the 5a discovery limit due 
to a dominant invisible decay to stable neutralinos that are undetected except as missing 
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transverse energy, ^- When the H XiXi decay channel is open, the Higgs boson 
is generally invisible. In the MSSM, NMSSM, and UMSSM the invisible decay is usually 
kinematically inaccessible 10[ in our parameter scan, which has a lower limit on m^o of 53 
GeV (half the chargino mass bound ''), but the invisible decay is potentially relevant for 

le n/sMSSM where the lightest 



231]. Therefore, using traditional 



Mff > 106 GeV. Invisible decays are often dominant in t 
neutralino mass is typically lighter than 50 GeV 
searches the discovery of the Hi is unlikely in the n/sMSSM. However, indirect discovery of 
an invisibly decaying Higgs is still possible, as discussed in Section HVl 

Since the extended models with a sufficiently decoupled singlet may mimic the MSSM, 
discerning which underlying model describes the Higgs sector is a difficult experimental 
challenge. Fortunately, there are complementary alternative avenues such as an excess in 
multilepton events due to additional steps in the cascade decays of neutralinos and charginos 
jisl . or the discovery of a Z' in the UMSSM ^. The discovery of a Higgs with mass greater 
than the theoretical upper limit on the lightest Higgs in the MSSM could indicate a singlet 
Higgs model [l^ . Alternatively, discovery of a Higgs with mass less than the LEP bound on 
the MSSM Higgs mass of 93 GeV would also be evidence that the Higgs sector is not that 
of the MSSM ^. 



IV. OBSERVING AN INVISIBLY DECAYING HIGGS 



A Higgs boson that decays invisibly can be indirectly inferred by making appropriate 



cuts on the kinematic distributions of the forward jets in WBF [26|]. QCD and electroweak 
backgrounds due to Zjj with Z vv and W^jj (with W Iv with the lepton unidentified) 
give the dominant 2 jet plus missing energy signal. QCD 3j production also contributes to 
the background. The QCD backgrounds can be significantly reduced with a, ]/t > 100 
GeV cut. Cuts on the forward jets, (pjj < 1.0 and |A?7jj| > 4.4, substantially reduce 



^ A decrease in the total significance may also occur if the Higgs boson decays to heavy neutrinos [22 1 . 
^ We assume gaugino mass unification. 

^ There are cases where the indirect detection rates of neutralino dark matter can be enhanced in these 
models by a light CP-odd Higgs boson [24] . 

Additionally, an analysis of the Higgs signal at LEP in a model independent way places a lower bound on 
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the Higgs mass at 81 GeV [251 ■ However, this analysis assumes SM strength production and is relaxed 



significantly if the Higgs is doniinantly singlet. 
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the contribution of back-to-back jets in the Wjj and Zjj backgrounds. The ratio -Ri 



can be used to infer the invisible Higgs decay 



26|. 



So d4jj '^'t'ii 

The quantity 

i}^BF{H,^inv.)ilyH^, (5) 

parameterizes the relative amount of invisible Higgs decays in WBF for a given Higgs mass. 
Expected sensitivity limits for the observation of an invisible Higgs via WBF are shown for 
ATLAS with 10 (30) fb^^ of data in Fig. [5] as a sohd (dashed) curve [271]. The points in the 
figure show the values of S,'^ for the NMSSM, n/sMSSM and UMSSM, where it is assumed 
the invisible Higgs signal is due to decays to neutralinos. 

In addition to direct decay to the lightest neutralino, we consider the invisible decays via 
other neutralino states such as Hi — * X2X1 ~* "^Xi^^ ^"^^ other cascades involving X2 or X3 
when accessible while including two and three body decays of the neutralino. The rate of 
Hi 2xii^i^ is dominated by the process involving the Z boson since the slepton masses 
are assumed to be 1 TeV. Also, we include the heavier Higgs boson cascading to invisible 
modes, H2 HiHi Axi, which can be the dominant invisible channel in the n/sMSSM. 
The dilepton decays of the Z boson in the cascade Hi X2X1 ^ '^Xi^ "^^J ^-Iso contribute 
to the invisible signal when the leptons are below the px acceptance cuts (or may be directly 
observable via the leptons). However, relic density constraints place a loose lower bound on 
the Xi mass of m^o > 30 GeV [2^ , limiting the kinematic accessibility of this channel. 

In many cases, the Higgs decay to is in fact stronger than to a Xa pair- Since 

the lightest neutralino is dominantly singlino, it couples to the Higgsino part of the second 
neutralino for an MSSM-like Higgs; the singlino pair couples weakly to a MSSM-like Higgs 



(see Ref. |l5| for the coupling) 

The n/sMSSM Higgs is most likely to be discovered from invisible cascade decays, due to 
the light x\ mass. Although the NMSSM and UMSSM both have a fraction of Higgs decays 
that are invisible, large values of S,"^ do not dominate the parameter space of these models, 
and all of the points fall below the 30 fb~^ sensitivity reach of ATLAS. In the MSSM the 
invisible branching fraction is very small. 

Another method for invisible Higgs discovery compares the signals from WBF and Hig- 



The NMSSM allows a larger coupling between two singlinos and the lightest Higgs provided the Higgs is 
dominantly singlet. However, the decay is not typically kinematically allowed in the NMSSM. 
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FIG. 5: Sensitivity of the ATLAS detector to the quantity ^? of Eq. [5] for invisibly decaying Higgs 
bosons. The sohd maroon curve indicates the expected sensitivity with 10 fb~^ of data while the 
dashed blue curve represents 30 fb^^ of data. The points are predictions of the NMSSM, n/sMSSM 
and UMSSM models as labeled. 



gstrahlung 28|]. The WBF signal is found by the above method. The signal from ZHi 
production, with Z — > /+/~, can be isolated quite well from the WW background by re- 
quiring the invariant mass of the lepton pair to be close to the Z mass. The background 
from ZZ production with one Z ^ vv can be reduced with a cut "j^t ^ 75 GeV. Since 
the Higgstrahlung cross section is more sensitive to the Higgs mass than WBF due to the 
s-channel suppression, the ratio of the rates of these processes yields a strong kinematic 
dependence on M^. From the ratio, an uncertainty of (9(20 GeV) can be placed on a Higgs 
boson of intermediate mass (i.e. = 120 — 160) with 100 fb~^ of data at the LHC, assum- 
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ing production with SM strength and fully invisible decays [28|. A reduced VVHi coupling 
will reduce the accuracy in determining the Higgs mass by this means. However, most of 
the Higgs bosons of the MSSM and extended models that are in the above mass range have 
an 0{1) coupling to gauge boson pairs, making the strength of the signal sensitive to the 
invisible branching fraction. 
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FIG. 6: (a) Statistical signal significance of the expected Higgs signal at the LHC vs. the invisible 
Higgs decay fraction in WBF. (b) For points where the lightest Higgs cannot be observed (i.e. the 
region inside the red box), we show the significance vs. invisible decay fraction for the second 
lightest Higgs. Cases where H2 can be discovered while Hi remains elusive are possible; here, the 
lightest Higgs is typically light and dominantly singlet, making H2 the MSSM-like lightest Higgs 
boson. 



The Higgs boson may be detected only by these indirect means in some scenarios (i.e. 
most cases of the n/sMSSM) while direct observation through traditional channels are fa- 
vored in other scenarios such as the MSSM or UMSSM. However, it is possible that both 
direct and indirect methods fail to find the Higgs boson. Of the 2000 points generated ran- 
domly in each model, we find that in the n/sMSSM, neither Higgs boson is discoverable with 
the given luminosities with either method in 457 instances We illustrate this point in 

Here, we require S/\/B < 5 and < 0.25 for non-discovery. In principle, points where both the statistical 
significance and invisible fraction are close to the expected limits may be discoverable by combining the 
statistics of the two methods. The 'no-lose theorem' for Higgs discovery may be spoiled by considering 
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Fig. [6l where we show the statistical significance and the parameter for the lightest Higgs 
boson. For the MSSM, NMSSM and UMSSM there were 5, 12 and 14 instances, respectively, 
for which the Higgs bosons are undiscoverable with these criteria with 100 fb~^ of integrated 
luminosity. The possibility of discovering both light Higgs bosons in these models is low; we 
found only two instances in the NMSSM, five in the n/sMSSM and none in the MSSM and 
UMSSM in our scan. However, it may be remotely possible to discover the second lightest 
Higgs boson in the n/sMSSM without discovering Hi, as we found 18 such points (only 2 
such points were found for the NMSSM and 5 for the UMSSM). This is a consequence of Hi 
being very light and dominantly singlet while H2 appears as the MSSM-like lightest Higgs. 

TABLE II: Statistical signal significance and relative invisible Higgs branching fractions in WBF, 
in the MSSM and extended models in the scenarios of Fig. [Ua,b). 







(a) 


(b) 


Model 


MSSM 


N 


n/s 


U 


N 


n/s 


U 


rriHi 


127 


127 


72 


126 


90 


131 


114 




1146 


474 


141 


187 


133 


209 


141 


ruH; 


N/A 


1354 1030 1147 


1110 


914 


1147 




N/A 


1089 


54 


N/A 


134 


197 N/A 




1146 


1353 1032 1147 


1110 


908 


1147 


A 1 


85 


84 


34 


84 


88 


34 


70 




10.2 


10.2 


0.0 


10.2 


2.4 


0.4 


6.8 


ShJVb 


0.0 


0.0 


0.8 


0.2 


9.9 


1.2 


6.1 


ei 


0.00 


0.00 


0.01 


0.00 


0.00 


0.84 


0.00 




0.00 


0.00 


0.86 


0.00 


0.00 


0.00 


0.00 



We further illustrate the two scenarios of Fig. [T] in Table [TTl which gives the neutral 
Higgs and lightest neutralino masses along with the expected statistical significances of 
Higgs discoveries at the LHC The invisible Higgs modes are dominant in the n/sMSSM for 



only these criteria. However, it may be possible to observe a signal from H ^ AiAi with AiAi bbbb 



or AiAi — > bbr^T [29|, although this is difficult for ttiai < ^3Q] . 
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this decoupled example and provide the only way to discover the Higgs in that scenario (the 
significances of visible modes are below one sigma). 

Even if the methods for detecting an invisibly decaying Higgs can be extended to lower 
Higgs masses (below 100 GeV), they would not provide a good way to probe an invisible 
Higgs boson with mass below the LEP limit as the VVHi coupling is then required to be 
quite small to satisfy the LEP bound. 

The ILC can provide improved opportunities to discover singlet models 9|. An invis- 
ibly decaying Higgs boson can be detected at the ILC via the dominant production by 
Z-Higgstrahlung. Since the incoming beam energies are known, the kinematics of the fi- 
nal state can be fully reconstructed by the observable Z decay products js!]. The recoil 
mass spectrum from the lepton pair can determine the mass of an invisible Higgs with an 



uncertainty of 0(100 MeV) 



32| 



V. COUPLING MEASUREMENTS 

Measurement of the gauge and fermion couplings of a Higgs boson can provide verification 
of the SM Higgs mechanism. However, due to the extra singlet Higgs field, the couplings to 
Higgs bosons can be significantly different from SM predictions, making verification more 
difficult. In Fig. U\ we show the relative Higgs coupling dependence on the particle mass for 
Higgs bosons in the MSSM mass range 90 GeV < rriHi < 135 GeV; the SM values are given 



by the solid line and the expected coupling measurements uncertainties at the ILC jSSj are 
represented by the gaps between horizontal bars centered on the SM values. 

In the MSSM, the couplings to gauge bosons and the charm and top quarks are similar to 
those of the SM, while the tan jS enhancement for r-lepton and b-quark couplings is evident 
in Fig. [71 In the singlet extended models, the mixing can significantly change the couplings 
from the predictions of the MSSM. In particular, due to singlet-doublet mixing the Higgs 
boson couplings to W, Z and t may be substantially reduced. Deviation of the couplings 
from SM predictions may provide a smoking gun for the existence of a singlet. 

In the MSSM the gauge couplings satisfy the relations 



^vvm = ivH2A2 = sin («-/?), (6) 

"2 _ c2 

>VVH2 — ^VHiAi 



ivvH. = ivH^A. = cos^(a - (7) 
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FIG. 7: Comparison of the relative Higgs couplings in the MSSM and singlet models vs. the SM 



(straight line) . The expected uncertainties in coupling measurements at the ILC 33| are also shown 
by the gaps between the horizontal bars centered on the SM values. 



However, the extended singlet models do not obey these relations since the CP-odd rotation 
angle (3 no longer diagonalizes the 3x3 CP-odd mass matrix. The xMSSM couplings are 
given by 

^VVH, = (i^icos/3 + i?+sin/5)^ (8) 

We test the coupling equality of Eq. ([7]) in the extended models and find that generally 
the VVHi, VVH2 couplings relative to the SM do not appreciably differ from the MSSM 
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relations, as can be seen in Fig. [8^. Over much MSSM parameter space (i.e. A\ > 200 GeV), 
the VVHi relative coupling is very close to unity. In Fig. [8^, we therefore denote the MSSM 
as a solid black line. Assuming a SM-like coupling, combined ATLAS and CMS data with 800 
fb^^ of combined integrated luminosity are expected to measure Higgs couplings to vector 
)osons to a Icr accuracy of order 10-30% of qsm in the mass range 110 GeV < < 190 GeV 



34( 1 . The ILC with ^/s = 500 GeV with 500 fb ^ will provide more precise measurements 



of the couplings to 0{2 — 5%) for light Higgs bosons {M^ ~ 120 GeV) [35]. The expected 
experimental uncertainties are shown in Fig. [8)d. The deviations of the scaled squared 
VVHi couplings of xMSSM models from the MSSM expectations are not larger than the 
measurement uncertainties expected at the LHC or ILC. 




FIG. 8: Comparison of the relative couplings of a Higgs boson with mass in the range 90 < Mh ^ 
135 GeV. The coupling complementarity between the VVHi and VHiAj vertices does not hold in 
MSSM extensions due to the extra singlet (where Aj is chosen to be the dominantly MSSM-like 
CP-odd Higgs boson). The vertical lines in (b) represent the la uncertanties on ^yy^. expected 
from measurements at the LHC and ILC, with central values centered on unity for CvvH ■ 



If a Higgs boson is discovered in the mass range of the lightest Higgs in the MSSM, 
90 < Mh < 135 GeV, the equalities of Eq. ([7j) involving the heaviest CP-odd state, A2, 
may be considered as a way to differentiate the extended models from the MSSM. In Fig. [8)3, 
we present the scaled VVHi coupling-squared against the scaled VHiAj coupling-squared 
(where Aj is chosen to be the dominantly MSSM-like CP-odd Higgs boson) for the CP-even 
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Higgs masses in this mass range. We also plot the expected ILC and LHC uncertainties 
from unity for the scaled VVHi coupling in Fig. [8]d, assuming central measured values of 
unity for ^yvHi- niajority of the points fall a.t_^vfj.j^. = and ^vvh, — ^ where the MSSM 
Higgs sector is decoupled and mimics the SM [36] . The high density of points in this region 
has been reduced for clarity in this figure. The VHiAj coupling is often suppressed below 
the MSSM line since CP-odd mixing can occur in addition to CP-even mixing. 

Distinguishing the UMSSM from the MSSM with coupling measurements will be chal- 
lenging as the electroweak constraints on the Z — Z' mixing angle azz' require the lightest 
CP-even Higgs to be similar to that of the MSSM Therefore, the ZHiAj coupling is 
similar to that of the MSSM when Hi is the heavy Higgs in the MSSM, and the differ- 
ences are very small and below the expected sensitivity of the LHC, ILC combined analysis. 
However, other avenues of discovery are possible in this model such as the Z' boson and 
neutralino cascades [151. 



VI. CONCLUSIONS 



Higgs singlet extensions of the MSSM provide well motivated solutions to the hierarchy 
problem. The Higgs singlet increases the number of CP-even and CP-odd Higgs states which 
lead to interesting collider phenomenology. Specifically, we find the following in the extended 
models: 

• The lightest Higgs can be lighter than the LEP limit of 114 GeV with reduced Higgs 
couplings to SM fields; the production rates of these states in visible channels are often 
below the rates for the lightest MSSM Higgs boson. 

• In most of the parameter space of the extended models, at least one Higgs state is 
discoverable via traditional SM decay modes at the 5a level with > 30 fb~^ luminosity 
at the LHC. Direct observation of the lightest Higgs is favored for the MSSM, NMSSM 
and UMSSM. In the n/sMSSM the traditional discovery modes can be spoiled by the 
decays to invisible states such as neutralinos. 

• Indirect Higgs observation can be employed for the n/sMSSM where invisible Higgs 
decays to neutralino pairs are often dominant. Cascade decays of Hi X2X1 ~^ 
2Xi + and H2 2Hi can contribute to the invisible decay modes. 

18 



• A Higgs boson in the mass range 114-135 GeV can be discovered directly or indirectly 
in most cases. In some cases, the second Higgs state can be discovered while the 
lightest cannot. However, in the n/sMSSM, a substantial portion, (9(20%), of the 
parameter space does not allow discovery of a CP-even Higgs state, posing a difficult 
scenario for Higgs physics at the LHC 

• The Yukawa coupling to fermions can be either tan /3 enhanced as in the MSSM or sup- 
pressed or enhanced in xMSSM models due to the more complicated mixing patterns 
involving singlets. 

• Measurements of the VVHi and VHiAj couplings can in principle differentiate the 
singlet models from the MSSM. In the MSSM, these couplings are equivalent due to 
the simple 2x2 Higgs rotation matrices. However, the equivalence does not hold in 
the singlet models since the rotation matrix is more complicated due to singlet mixing. 

• Scenarios exist where the singlet extended models are difficult to differentiate from the 
MSSM using only the Higgs sector. However, complementary avenues are available 
through the discovery of a Z' boson in the UMSSM or extended neutralino cascade 
decays due to the different neutralino spectra in singlet extended models. 
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